Abstract Thin film batteries with a Lipon electrolyte and Li metal anode can be cycled thousands of times. During this time there is a gradual redistribution of the lithium at the top surface; the morphology that develops depends on a number of factors but is largely driven by dewetting. In this work, this redistribution is characterized as functions of the cycle number, duty cycle, cathode composition, and protective coating over the lithium. Observations of wrinkled and pitted surfaces are discussed considering the effects of defects and diffusion in the lithium and influences of film stresses and surface energy. Similar processes may impact solid state lithium batteries with higher energy per active area.
Introduction
Thin film batteries with the Lipon thin film electrolyte [1] [2] [3] have been cycled for thousands of cycles with little degradation. ('Lipon' is the shorthand name, coined by the inventors, for a vapor-deposited, amorphous, lithium phosphorous oxynitride solid electrolyte.) While cycling it is obvious, even by eye, that the lithium is gradually redistributing across the active area. This has not posed any practical concern, as the cycle life of the thin-film batteries (TFB), particularly with the LiCoO 2 cathode, generally meet the needs of most applications, but depending on the battery design, the sudden deterioration of the Li connectivity can determine the end of life. Now with renewed interest in lithium metal solid-state batteries that have much larger capacity and hence thicker Li anodes, it becomes important to understand the forces and kinetics that drive the Li to redistribute across the interface with a solid electrolyte and how this depends on the cycling parameters, the solid electrolyte and protective films, and surprisingly, also on the cathode.
In this study, the 3 μm thick lithium anode is characterized over extended cycling requiring about a year of testing. The influences of a protective parylene coating over the Li, the cathode composition and several different duty cycles were investigated. In addition to the assessing the electrochemical response, the Li surface was profiled and photographed during the aging.
Experimental approach
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Electronic supplementary material The online version of this article (doi:10.1007/s10832-017-0073-2) contains supplementary material, which is available to authorized users. ceramic substrate to provide an active area of about 1 cm 2 . The cathodes are thin films of LiCoO 2 (LCO) and LiMn 2 O 4 (LMO) formed by sputter deposition with subsequent annealing to crystallize at 700°C for LCO and 500°C for LMO [2] . An amorphous lithium phosphorus oxynitride film, known as Lipon [6] , forms the solid electrolyte (~1 μm thick), and lithium metal is both the anode and current collector. The Li is deposited by vacuum vapor deposition using a resistance evaporation source which gives a dense smooth film. A quartz crystal thickness monitor provides measure of the deposition rate so that the Li thickness can be well controlled. Often batteries with unprotected Li are sealed under Ar gas in a stainless steel jar (70 cm 3 ) with copper gaskets for cycling and storing. To protect the Li for exposure to air over several hours or days, a five-layer coating is deposited which alternates several micrometers of Parylene-C with 100 nm titanium films as: 3.5 μm -0.1 μm Ti -1.5 μm -0.1 μm Ti -1.5 μm [7, 8] . Parylene is the trade name for a family of poly(p-xylylene) polymers that condense from vapor and polymerize onto room temperature surfaces giving conformal and low stress protective coatings for a wide range of applications. For batteries, the parylene coatings do not react with lithium. For extended cycling over weeks and months, batteries with the parylene coating are also sealed in containers under Ar. It is important to understand that the active battery area is rectangular, but there is an inactive tab of the Li metal that bridges to a Ni thin film pad used for clipping to test equipment. This is shown in photograph Fig. 1a below. Throughout the study, the morphology of this inactive tab of Li remains smooth and serves as a reference compared to the cycled Li.
Thin film batteries were cycled using a Maccor 4000 system with low current test channels. New batteries were first evaluated with constant current cycles (2 to 500 μA/cm 2 ) to establish the capacity at different currents as well as the coulombic and energy efficiencies. These results, along with xray diffraction, scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy of the cathode films, document that only high quality TFBs are used in this study. Specific details of the extended charge/discharge tests are given below.
Periodically the cycling is suspended to examine the Li morphology, then the battery is resealed under Ar to resume cycling. Batteries were photographed with a 35 mm camera and also at 16X to 2000X magnification in a JEOL 840 SEM with a LaB 6 source. Batteries with bare Li were load locked from the glovebox into the SEM without air exposure. The surface of the parylene coated Li was profiled using two different stylus profilometers, a Dektak 3030 and a Taylor Hobson Talysurf 120, both operated in air. Both profilometers were calibrated with a precision standard (1.76 μm / 100 μm pitch) and provided comparable results. The advantage of the Talysurf was the longer profile lengths and data analysis software. The Dektak provided slower scans at a lower stylus force. Results for each instrument were in good agreement. For each sample, at least 12 profiles covering the active battery area were recorded and analyzed for the average roughness, R a , given as the average deviation from the center line average over a scan distance. The lengths of the scans were varied to ensure good representation of the surface profile.
Throughout, results for LMO are presented as red lines and symbols and LCO as blue. For reference, this Table 1 summarizes the effects being compared. Further details will follow.
Results
Results shown in Figs. 1b and 2 illustrate examples of the maximum Li redistribution characterized in this study. These are for batteries with LMO cathodes and a parylene coating. For comparison, the image captures a portion of the uncycled Li tab The table,  Table 2 , shows the cross section area and surface profile of the Li compared to the initial volume of Li which was established by the deposition rate and time. While adjustments in the baseline and the parameters used for smoothing change the values slightly, it is clear nevertheless that the volume of lithium is approximately conserved; there is no appreciable excess volume from formation of large concentrations of point defects or pores in the Li or from voids at the interface of Li to Lipon. For a more accurate determination of the change in volume, the initial film thickness should have been profiled across a clean groove in the Li film, but even without this baseline, it is clear that this visible undulation of the lithium grows from the top of the parylene coated surface, gradually deepening toward the Lipon surface. Also, the increase in the surface area (length squared) of the parylene coated lithium is less than 1%.
The second (blue) profile in Fig. 2 introduces the difference observed of for TFBs (parylene coated) with LiCoO 2 cathodes compared to LiMn 2 O 4 cathodes. This shows that the Li redistribution is far less for the LCO battery than for the LMO after 3150 cycles, however the characteristic wavelength that is developing is the same for both batteries. In order to address whether the cathode really has an effect on the Li morphology, the TFB cathodes and the cycling parameters were carefully designed to be almost identical as far as the rate and extent of the Li cycling over an extended cycle lifetime. The cathodes were thinner than usual, only 0.3 μm, and the period of each cycle (1 h) was adjusted to allow the slower LMO to match cycling of the LCO. Two cycling patterns were tested. The first test had a hold at the top of charge, at 4.2 V or 4.5 V for LCO and LMO respectively, where the Li film is thickest. The second had the hold at a discharged state of 3.5 V. Plots of the different voltage profiles are presented in Fig. 3 , which also indicates the density of recorded data points. Test 1 delivered 16 μAh/cm 2 /cycle of Li, which is <0.08 μm, while test 2 moved 8 μAh/cm 2 /cycle of Li. Currents were constant at 50 or 100 μA/cm 2 , then decreased during voltage holds. Cycling/ storage of the different batteries was simultaneous and carefully synchronized. Further, the Lipon, Li and parylene film depositions onto the LMO and LCO cathodes were done together with samples side-by-side. Both the batteries and the Li cycling and the storage conditions are as identical as possible.
The gradual increase in the average roughness for each test and cathode is shown in Fig. 4 , and representative SEM images taken after 1000 cycles are shown in Fig. 5 . The differences are striking. Test 1, where hold occurred after maximum plating of the Li at the anode (full charge) produced a uniform surface waviness, much larger in magnitude for the LMO cathode, but about the same characteristic wavelength. In Test 2, where the voltage hold occurred after stripping the Li, the topology was not uniform; it appeared to reflect dimpled flaws distributed across the surface rather than any periodic feature. There were approximately 200 such spots across the surface. Typical scans aligned to either target or avoid the flaws are shown in Fig. 6 . It is interesting the flaws have The last group of images shows the Li surface from TFBs cycled without the benefit of parylene coating to protect the Li. Figure 7 a, b shows images of the Li for a sister LMO thin film battery that was fabricated and cycled in parallel with the parylene coated LMO battery shown in Figs. 1 and 2 following the plate + hold test. Figure 7 c, d show Li for LCO and LMO batteries cycled for 1000X following strip + hold test #2. It is clear that without the parylene coating, the Li morphology changes greatly with increasing numbers of cycles, but the structure is about the same regardless of the cathode or the cycle test. Compared to the parylene coated Li, the features for the bare Li are clearly smaller, eventually giving characteristic 20X50 μm islands of Li sitting on a flat surface. Looking between Li islands gives a clear view of the cathodes through the Lipon film. The visible structure is actually the grain structure of the underlying alumina substrate. The area shown in Fig. 7a has obviously failed due to loss of connectivity across the Li anode. The number of cycles to failure varies widely and is 800 to >1500 for these tests; this has not been correlated to either the cathode or the cycle profile.
The Li of uncycled batteries, fabricated and stored in parallel, remained very smooth with little deterioration due to storage. Table 3 summarizes the observed changes for quick reference. The supplement section includes plots showing voltage profile for representative LCO and LMO batteries. Also plots are presented showing the battery performance before and after these extended cycling tests. For this the capacity was characterized by constant current charge (CCC) and constant current discharge (CCD) tests for 2-500 μA/cm 2 . The voltage windows are typical for LCO and LMO batteries, 3-4.2 and 3-4.5 V for CCD, and 3.6-4.5 V and 3.6-4.2 V for CCC. Overall the capacity loss was small for most batteries, even for batteries without parylene packaging.
Discussion
The results are intriguing and warrant discussion of the possible mechanisms underlying the morphology changes. Key [9] . The fact that the dewetting of rather thick lithium films may be triggered by electrochemical cycling is a new observation. The agglomeration of the bare lithium appears to best reflect a dewetting process. The film breaks up into a mounds about 20 μm across which is consistent with the film thickness and reduction in overall surface area of the lithium. For Plateau-Rayleigh behavior, the initial interface is considered to have small perturbations of many wavelengths, some of which will grow while others shrink as determined by reduction of the surface energy and interface energy with conservation of the volume of material. The wavelength that grows fastest determines the characteristic features that form, as for example in liquid flows [10] , growth of periodic crystals [11] , or dewetting of surface films [12] . The Li grain structure and reacted surface, as well as the Li and Lipon surface energies need to be considered for further analysis.
For the parylene coated Li, the uniformly wrinkled surface that grows into Li ridges and then Li islands has a characteristic wavelength of about 150 μm which is much larger than the Li film thickness, or any other characteristic feature of the battery components. This differs from a normal dewetting phenomena suggesting there are other contributing factors. Wrinkling has been reported for a rubbery polymer layer with a stiff top coating [13] [14] [15] . In these publications, wrinkling arises from an in-plane compressive stress of the top layer. The characteristic wavelength reflects the difference in elastic modulus (E) of the stiff top layer relative to that of the compliant underlayer. Although the images shown in Fig. 2 look remarkably like those in the wrinkling references, the mechanical properties and models for wrinkling may be inconsistent. In particular, the residual compressive stress in the parylene films formed at room temperature is typically very small; stress in parylene is largely attributed to a thermal expansion mismatch [16, 17] . This stress would not be sufficient to drive the wrinkling, unless addition of the thin sputtered Ti films to the parylene coating acts to create a significant compressive residual stress. Likewise, the relative values of the elastic moduli do not match the published model for wrinkling with E parylene = 4.7 GPa [18] being smaller than E Li = 5 to 15 GPa for polycrystalline Li [19] . This likely explains why the wrinkling does not occur spontaneously, but in fact the wrinkling described in this work grows slowly with cycling. Perhaps the models for wrinkling should include plasticity as well as the elastic properties, as lithium films accommodate deformation predominantly by plastic flow. Furthermore, given the high homologous temperature even at room temperature, creep likely plays a significant role in alleviating stress. Another possibility is that the cycling of the Li generates point defects that effectively reduce the Young's modulus of the lithium. For other metals, such as nanocrystalline copper [20] and nickel [21] , experimental and theoretical reports show that several percent lattice vacancies can indeed alter the Young's modulus. So wrinkling remains a plausible cause for lithium redistribution, but needs further consideration.
Generation of point defects during cycling may in fact help explain additional observations regarding the effects of the cathode and different test cycle profiles. A key observation is that redistribution of the Li occurs only during the electrochemical cycling. Although it is not clear how Li ions move across the Lipon-metal interface, the process of deposition/ dissolution at this interface must create/consume Li lattice sites at the electrolyte interface. This process is likely not perfect, thereby generating lattice vacancies, interstitials and possibly clusters of defects. The current density used in this study moves roughly a monolayer of Li per second. Most of these Li ions must end up occupying a lattice site because, as indicated in Table 2 , the volume of lithium is approximately conserved. Nevertheless, some fraction of lattice defects will likely form and diffuse into the Li film. Given sufficient time, a larger concentration of defects generated at the Li-Lipon interface will diffuse into the bulk of the Li layer. Many studies attribute the self diffusivity in lithium (a bcc metal) to monovacancy point defects with 6 × 10 −11 cm 2 /s at room temperature [22] [23] [24] . Interestingly, the root mean square displacement estimated for 3D random walk, D SD = <R 2 > / 6 t, is consistent with cycling periods and Li film thickness used here. For 1 h, the average displacement is 11 μm, while for 30 s, this distance is roughly 1 μm. This could explain the relatively large redistribution of Li for the plate + hold test #1 as compared to a much smaller redistribution for strip + hold test #2. Test #1 allows almost an hour for the vacancies to diffuse away from the Lipon interface following Li plating. However, if the plating is quickly reversed, as for test #2, the defects in the newly plated Li may be quickly recaptured at the interface. The larger vacancy concentration in the Li that evolves during test #1 may then facilitate wrinkling at the surface to either accommodate residual stress from the parylene or reduce the interface energy. . This is at least a plausible view of why the morphology of the Li changes more rapidly for the LMO batteries in plate + hold test compared to those with LCO cathode films. This could be tested by adjusting the cycling limits. The dimpled features on the Li surface for test 2 is still a mystery, but may reveal the initiation of holes, the first step for dewetting. That there are flaws in the films or interfaces is not surprising, but understanding the shape of the features as they grow with cycling is not clear. Looking to the future, with Li solid state batteries incorporating thicker lithium and higher capacity per unit area, similar processes may occur to cause redistribution of the Li and formation of defects. Depending on what fraction of the lithium is cycled during each cycle as well as the currents and voltage limits, changes in Li distribution may be more or less apparent than the results shown here. Also the application of a significant battery stack pressure and alternate anode designs may greatly influence the morphology and aging of the Li anode. The most important observation here is that the Li anode cannot be considered independent of the cathode properties, at least not for a thin solid electrolyte separator such as the Lipon glassy electrolyte.
Summary
This work demonstrates the significant change in morphology of the Li anode that may occur for a thin film battery during extended cycling. The redistribution of the Li depends on the use of a protective parylene coating, the extent of cycling, and the prevalent voltage profile. The Li distribution also depends on the particular cathode being used. Plausible mechanisms leading to these observations may be related to wrinkling from residual stresses and formation of vacancies and flaws in the Li film with cycling, but the largest driving force is likely dewetting of the lithium. Further experiments are needed to test the proposed mechanisms for thin film batteries, but more important is the consideration that similar processes should be anticipated for the development of higher energy solid state Fig. 7 a,b SEM images (500X) showing the roughened Li morphology of a LMO TFB cycled following plate + hold near 800 times. The battery suddenly died when the Li was no longer percolated (left) along a portion of the anode. c,d SEM images (2000×) after 1000 cycles following test strip + hold. A LMO battery with bare Li is on the left, and a LCO battery is on the right lithium batteries, which many companies and researchers are pursuing for both enhanced safety and higher energy density.
